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The cosmological constant Λ can be achieved as the result of entangled and statistically correlated
minisuperspace cosmological states, built up by using a minimal choice of observable quantities,
i.e. Ωm and Ωk, which assign the cosmic dynamics. In particular, we consider a cosmological
model where two regions, corresponding to two correlated eras, are involved; the present universe
description would be, in this way, given by a density matrix ρˆ, corresponding to an entangled
final state. Starting from this assumption, it is possible to infer some considerations on the cosmic
thermodynamics by evaluating the Von Neumann entropy. The correlation between different regions
by the entanglement phenomenon results in the existence of Λ (in particular ΩΛ) which could be
interpreted in the framework of the recent astrophysical observations. As a byproduct, this approach
could provide a natural way to solve the so called coincidence problem.
PACS numbers: 98.80.-k, 98.80.Jk, 98.80.Cq, 98.80.Es
I. INTRODUCTION
The quantization of gravity is still an open question
which seems far to be achieved from several viewpoints
[1]. For example, considering the canonical approach, the
normalization and interpretation of the wave function,
the meaning of time [2] are puzzles difficult to be framed
in coherent and self-consistent schemes. These problems
are due, directly, to the interpretation and the solution of
the Wheeler-De Witt equation [3], and, more generally,
to the way in which one quantizes space-time.
Some theoretical efforts have been proposed to solve
these difficulties, see for example [4], but it seems that
we are far from a definitive solution. Hence, a complete
quantum description of General Relativity (GR) could be
not possible.
On the other hand, several issues remain unsolved in
modern cosmology, such as the problems of dark matter
and dark energy [5]. Moreover, it seems that there are
a lot of ways to interpret the cosmological constant Λ
which has several implications in the interpretation of
observations [6].
Quantum cosmology, instead, has the final goal to de-
scribe the universe itself by methods and results of quan-
tum theory. This implies that the universe as a whole
should have a quantum description resulting in the ”clas-
sical” observed cosmological parameters.
This fact can be viewed as a sort of entanglement with
macroscopic degrees of freedom that leads to the clas-
sical appearance of macroscopic systems (in this case,
the whole observed universe), a process known as de-
coherence [7].
Hence a link between quantum information and quan-
tum cosmology can be easily found considering the role
of gravity. Indeed, quantum cosmology, being nothing
else but an approximation, cannot be considered the full
quantum gravity but it can assume a key role to describe
the observed state of the universe in the light of quantum
information. This will be the main issue on which this
paper is focused. In particular this point of view would
allow us to explain, in the context of de-coherence and
entanglement, some open questions of modern cosmology
as the cosmological constant problem.
While quantum cosmology and quantum gravity have
many interpretative problems, indeed, quantum infor-
mation theory has recently increased its theoretical self-
consistency producing several interesting results. The
most important one has been the achievement that entan-
glement phenomena of quantum states have been framed
in robust theoretical schemes and verified through several
experimental tests (see for example [8–12, 14–18]).
The idea of entanglement starts from the apparent con-
flict between the superposition principle and the non-
separability of the related quantum states. It appears
when a state of two or more subsystems of a compound
quantum system cannot be factorized into pure local
states of the subsystems too. This is equivalent to say
that a state, which describes a particular physical sys-
tem, could be thought as due to two, or more than two
sub-states, derived from subsystems, which are connected
between them by a non-factorizing property [19]. To fix
the ideas, if we take into account a state like
|Ψ〉 = |Ψ(1)〉|Ψ(2)〉, (1)
this is well-factorized into two sub-states, i.e. |Ψ(1)〉 and
|Ψ(2)〉; consequently, the state is not entangled, but a
state like
|Ψ〉 =
M∑
n=0
|Ψ(1)n 〉|Ψ(2)n 〉, (2)
is an entangled one. This suggests that a good way to
study the complete state is a description by the density
2matrix ρˆ where one has to prepare the state |Ψ1〉 with
probability p1, the state |Ψ2〉 with probability p2 and so
on for all the sub-states of the whole system.
In order to understand the phenomenology of the en-
tanglement, let us consider how it can be realized. When
two physical systems come into interaction, some corre-
lation of quantum nature is generated between them and
persists also if any apparent interactions is not present
and the two systems are spatially far [20]. Let us suppose
that one has a bipartite (or multipartite) quantum state
[21, 22, 25]: The non-separability or non-factorizability is
necessary to take into account correlations [26–28] which
can evolve with time.
Several different criteria are possible to characterize
entanglement but all of them are essentially based on
equivalent forms of non-locality in pure quantum states1
Hence, entanglement represents a fundamental physi-
cal resource [29] and it has become comparable with the
ideas of energy or entropy in the information theory of
systems.
Due to these motivations, the so called entanglement-
degree has become an important feature (see for example
[21, 30]) to quantify how much a quantum state is mixed
or pure [13, 22–24]. In this paper, we are going to show
that the thermodynamics of the universe and then the
emergence of the cosmological constant Λ are both re-
lated to the entanglement-degree.
The paper is organized as follows. Sect.II is a brief
summary of the entanglement theory. Sect.III is devoted
to the definition of the pure and mixed cosmological
states. We show that the evaluation of the Shannon-Von
Neumann entropy S [31] can be directly related to the
emergence of a quantity which can be naturally consid-
ered the cosmological constant Λ. Conclusions are drawn
in Sect.IV.
II. ENTANGLEMENT AND QUANTUM
COSMOLOGY
In order to develop considerations on the role of the en-
tanglement in quantum cosmology, let us start with tak-
ing into account an N -dimensional Hilbert space where
the probabilities are pk =
1
N
, ∀k. The interpretation
is that a given state is maximally mixed, or physically
speaking, it means that our ignorance about the config-
uration is total.
The opposite situation, in other words the case in
which only one of the pk is different from zero, happens
when we have pure quantum states. The first step to
quantify this situation is the introduction of a density
matrix ρˆ associated to the quantum states. For a generic
pure state |Ψ〉, the density matrix is the projector
ρˆp = |Ψ〉〈Ψ| . (3)
1 These equivalences fade when we deal with mixed states.
The main properties of ρˆ are easily given:
1. Trρˆ = 1,
2. Trρˆ2 ≤ 1,
3. 〈χ|ρˆ|χ〉 ≥ 0.
It is worth noticing that Trρ2 = 1 holds only if the
state is pure, viceversa Trρ2 < 1. For our aims, we
will consider not pure states and then ρˆ becomes the
sum on projectors, balanced by weights, which represents
probabilities for mixed states [30].
As a consequence, we define the purity of a state the
quantity
µ [ρˆ] = Trρˆ2, (4)
and then the basic concept of linear entropy
SL =
N
N − 1 (1− µ [ρˆ]) , (5)
which are two prototypes of entanglement measurements.
In particular, eq. (5) can be interpreted as a first-order
approximation of the concept of entropy in the informa-
tion theory, the so-called V on Neumann entropy, which
usually describes how large is the lack of information of
a quantum state [32]. We are interested to the thermal
entanglement properties of the universe. In agreement
with the statistical picture, we need a measure of the en-
tropy of the system. The process of entropy measurement
is related to the concept of the so called Shannon-Von
Neumann entropy
S = −Tr (ρˆ ln ρˆ) = −
∑
k
λk lnλk, (6)
which satisfies concavity, subadditivity and Araki-Lieb
inequality (see for details [30]). The arbitrary choice of
states on which the trace of the above equation can be
evaluated, allows us to consider the eigenvalues λk in
eq.(6).
In this picture, the idea of entangled states in quan-
tum cosmology assume an important role. We can take
into account a cosmological model where all the eras are
linked together by entanglement and then describe the
thermodynamics of such entangled states.
This picture can be achieved starting from the consid-
eration that the entropy S of a system is a macroscopic
quantity which can be determined without knowing in de-
tails the constituent microscopic states. In other words, a
measure of entanglement is a ”coarse grained” approach
capable of contributing to the global description of the
whole system.
The well-known problem of defining different vacuum
states in quantum field theory could be overcome con-
sidering Λ as the measure of the entanglement-degree re-
lated to the thermodynamical state of the universe. In
other words, ΩΛ at a given era can be considered as the
result of the correlation between cosmological ”quantum”
states without knowing in details the pure states which
contribute to the correlation itself.
3III. THE COSMOLOGICAL STATES AND THE
PROBLEM OF Λ
Let us take into account a set of observable quantities
defining a cosmological state written as a vector
Υ = {H(z), a(z), q(z), j(z), s(z), l(z),Ωm(z),Ωk(z),ΩΛ(z), T (z),−→o (z)} , (7)
where H(z) is the Hubble parameter [33], q(z), j(z), s(z)
are the cosmographic parameters, respectively the decel-
eration, the jerk and the snap [34–37], Ωm is the mat-
ter density, Ωk is spatial curvature density [38], T is the
temperature of CMB [31] and −→o is a subset of observ-
able quantities which contribute to better determine the
cosmological state. All the parameters are assumed as
function of the redshift z and univocally assign a cos-
mological state. We are simply assuming a minisuper-
space model where cosmological principle holds and ”evo-
lution” means correlation among states. In some sense,
we are defining cosmographies at given eras (the redshift
z) and we are assuming that they are correlated with-
out specifying a priori a field theory. It means that no
theoretical model is involved when we, for example, mea-
sure q(z); in fact, following this argument, we note that
the experimental framework is the set of Supernovae data
[39], or, again, Ωm is measured by the abundance of mat-
ter in galaxies and so on for the other quantities in the
Υ set [33]. In the vector Υ, any parameters capable of
describing the universe dynamics and thermodynamics
can be considered. However the more the number of pa-
rameters increases, the more the cosmic state is better
assigned but the more the phase-space increases in the
number of dimensions. At this point the question is how
to build up a description of universe, considering this set,
in terms of quantum states. In other words, we are won-
dering if it is possible to achieve a quantum description
of universe, starting from the quantum theory, without
assigning a priori field theory like GR. In this way, we do
not need any quantization of gravity [38, 40–43], because
the framework of GR is based on a quantum field theory;
we require, so, no field quantization but only a quantum
description of the universe, as a vector set, derived from
(7).
It is only necessary to consider a set of astrophysical
observables to infer the universe dynamics which could
be achieved by entanglement measures. This minimal
choice of observable quantities can be used to build up a
complete phase-space evolution representing the cosmic
dynamics. Moreover, the sense of ”minimal choice” is
that, in order to get a complete description of the state
at a given redshift z, it is necessary to define quanti-
ties which are not linked, or parameterized among them.
This allows, in principle, to achieve a description of the
universe where variables are independent among them.
Because of z-dependence of all the parameters in the
vector (7), z becomes not directly necessary in the set;
moreover, assuming that any coarse-grained cosmolog-
ical dynamics could be represented by a Friedmann-
Roberson-Walker metric (FRW), the dimensionality of
the vector can be reduced to two2. A minimal choice is
then
|φi〉 ≡
(
Ωmi
Ωki
)
, (8)
where we do not consider yet the z dependence but we
labelled the quantities by i = 1, 2, which means that
cosmological state is assigned by dynamical and ther-
modynamical parameters connecting two given regions
(i.e. epochs). The way in which we link the two regions
between them is the entanglement; in other words, we
imagine that the epoches are correlated between them
by entanglement. A mixing hypothesis appears now as
another fundamental feature: All the regions are charac-
terized by the fact that they are mixed with all the others;
this will be clear as soon as we will take into account the
density matrix description for universe states.
Let us consider now two regions and, hereafter, we will
refer to the entangled states ansatz (ESA); this hypoth-
esis makes us able to build up a complete state of uni-
verse, defined first as a mixed one only and then, as an
entangled one, from eq. (8). This means that a physical
state of the universe may derive from an entanglement
phenomenon between states at different eras.
In order to construct a superposition of states, we must
require that, for i = 1, 2, the ”good” states at given eras
are to be written in form of a basis in order to describe a
complete entangled state. Following the Gram-Schmidt
construction of orthogonal and normalized basis, we have
|e1〉 = N1
(
Ωm1
Ωk1
)
, (9)
2 It is easy to understand, considering the homogeneity and
isotropy of the observed universe, that to describe cosmic dy-
namics, only two quantities are needed, for example H and Ωm;
the others, as for example the remaining cosmographic parame-
ters, can be expressed in terms of them.
4which is the first unitary vector; the other one is built up
by considering the rule, (without normalization)
|e˜2〉 =
(
Ωm2
Ωk2
)
−N21
(
Ωm1 Ωk1
) ·
(
Ωm2
Ωk2
)(
Ωm1
Ωk1
)
,
(10)
or equivalently, here with normalization
|e2〉 = N2

 Ωm2 −N
2
1
(
Ω2m1Ωm2 +Ωm1Ωk1Ωk2
)
Ωk2 −N21
(
Ω2k1Ωk2 +Ωm1Ωk1Ωm2
)

 ,
where the normalization parameters N1 and N2 are given
by
N1 ≡ 1√
Ω2m1 +Ω
2
k1
, (11)
N2 ≡ 1√
{Ωm2 −N21 (Ω2m1Ωm2 +Ωm1Ωk1Ωk2)}2 + {Ωk2 −N21 (Ω2k1Ωk2 +Ωm1Ωk1Ωm2)}2
. (12)
Starting from this construction, one is able to have en-
tanglement between the set of basis, postulating an en-
tangled state, similar to the construction of a Bell state
[17].
A. The entangled states ansatz
The ESA suggests that a possible state for describing
the universe is
|Ψ±〉 = α|e1 e1〉 ± β|e2e2〉, (13)
with the direct expression for |eiei〉
|ei ei〉 = N2i


Ω2mi
ΩmiΩki
ΩmiΩki
Ω2ki

 , (14)
and the normalization given by
|α|2 + |β|2 = 1, (15)
in a particular Hilbert space, H with dimH = 4 (such
a number is not related to the number of physical di-
mensions but with the minimal parameters to ”assign” a
FRW universe in two eras. This is true, in terms of the
expression (14), if we define the two s implest positions
Ω∗m2 = Ωm2 − N21
(
Ω2m1Ωm2 +Ωm1Ωk1Ωk2
) → Ωm2 and
Ω∗k2 = Ωk2 −N21
(
Ω2k1Ωk2 +Ωm1Ωk1Ωm2
) → Ωk2. Here-
after, in order to derive simple expressions for the next
calculations, we use notation in (14); the state of that
expression is coincident with the product of two states of
the form of eq. (9) for i = 1, but for i = 2 it appears
possible, only if the above s implest positions hold.
Note that Ωm2 and Ωk2 are functions of Ωm1, Ωk1, Ωm2
and Ωk2, differently from Ωm1, Ωk1, which are indepen-
dent variables deduced, in principle, from observations at
given eras.
A maximally entanglement phenomenon is present if
α = β = 1√
2
up to a phase factor. Note that in our pic-
ture, it is not necessary to stress that |eiei〉 = |eiA〉|eiB〉,
as mixed hypothesis suggests, because at the same era
we may imagine that ΩχkA = ΩχkB , with χ = m, k and
for k = 1, 2, to simplify the model.
Considering the density matrix ρˆ =
∑
j=± pj|φj〉〈φj |,
we have ρˆ = |α|2|e1e1〉〈e1e1| (p+ + p−) +
2 (αβ∗ + α∗β) (p+ − p−) |e1e1〉〈e2e2| +
|β|2|e2e2〉〈e2e2| (p+ + p−) = |α|2|e1e1〉〈e1e1| +
|β|2|e2e2〉〈e2e2| + (αβ∗ + α∗β) (p+ − p−) |e1e1〉〈e2e2|.
Hence, after straightforward calculations, we get
5ρˆ ≡ |α|2N21


Ω4m1 Ω
3
m1Ωk1 Ω
3
m1Ωk1 Ω
2
m1Ω
2
k1
Ω3m1Ωk1 Ω
2
m1Ω
2
k1 Ω
2
m1Ω
2
k1 Ωm1Ω
3
k1
Ω3m1Ωk1 Ω
2
m1Ω
2
k1 Ω
2
m1Ω
2
k1 Ωm1Ω
3
k1
Ω2k1Ω
2
m1 Ω
3
k1Ωm1 Ω
3
k1Ωm1 Ω
4
k1


+ (16)
(17)
+ (αβ∗ + βα∗) (p+ − p−)N1N2


Ω2m1Ω
2
m2 Ω
2
m1Ωm2Ωk2 Ω
2
m1Ωm2Ωk2 Ω
2
m1Ω
2
k2
Ωm1Ωk1Ω
2
m2 Ωm1Ωk1Ωm2Ωk2 Ωm1Ωk1Ωm2Ωk2 Ωm1Ωk1Ω
2
k2
Ωm1Ωk1Ω
2
m2 Ωm1Ωk1Ωm2Ωk2 Ωm1Ωk1Ωm2Ωk2 Ωm1Ωk1Ω
2
k2
Ω2k1Ω
2
m2 Ω
2
k1Ωm2Ωk2 Ω
2
k1Ωm2Ωk2 Ω
2
k1Ω
2
k2


+ (18)
(19)
+|β|2N22


Ω4m2 Ω
3
m2Ωk2 Ω
3
m2Ωk2 Ω
2
m2Ω
2
k2
Ω3m2Ωk2 Ω
2
m2Ω
2
k2 Ω
2
m2Ω
2
k2 Ωm2Ω
3
k2
Ω3m2Ωk2 Ω
2
m2Ω
2
k2 Ω
2
m2Ω
2
k2 Ωm2Ω
3
k2
Ω2k2Ω
2
m2 Ω
3
k2Ωm2 Ω
3
k2Ωm2 Ω
4
k2


, (20)
where the normalized probability condition
p+ + p− = 1, (21)
has been used. From a physical point of view, it repre-
sents a constraint on the final state of the universe re-
lating two eras. In fact, p+ is the probability that, the
mixture representing the universe entangled state is in
the configuration |Ψ+〉〈Ψ+| and, on the other hand, P−
is the probability that, the universe mixture entangled
state, is in the configuration |Ψ−〉〈Ψ−|. This is compat-
ible with probability normalization and with ESA. As
reported in the Introduction, Trρˆ = 1 is an invariant ex-
pression that can be used with other constraints to have
a complete picture of the quantum nature of universe.
For maximally entangled states and real α, β
t1
(
Ω2m2Ω
2
m1 +Ω
2
k1Ω
2
k2
)
+ t2Ωm1Ωm2Ωk1Ωk2 +Ω
2
k2
(
Ω2m1 +Ω
2
k1
)
2 (Ω2m1 +Ω
2
k1) (Ω
2
m2 +Ω
2
k2)
= 1, (22)
where t1 = 4αβ − 8αβp− + 1 and t2 = −8αβ(1 − 2p−)
with the conditions that α and β are real and the states
are maximally entangled.
In addition, it is important to note that, because of
Ωmh + Ωkh < 1 coming from the astrophysical observa-
tions at all the epoches (i.e. ∀h = 1, 2), we can reduce to
a constraint such inequality on Ωmi,ki, that is{
Ωm1 +Ωk1 +
∑
i ΩX1i = 1,
Ωm2 +Ωk2 +
∑
j ΩX2j = 1.
(23)
Immediately we can imagine a straightforward inter-
pretation of it. Because of Ωmi < 1,Ωki < 1, some un-
known quantities are involved into calculations. These
parameters, like ΩXhk(z), are functions of the redshift z.
If we require that the constraint is based on observable
quantities, i.e. Ωm and Ωk, we have no reason to think
that the ΩXhk(z) have to be different between them. This
suggests ΩXhk(z) = ΩXk(z). The nature of it is, at the
same time, linked to the previous two densities; in this
sense it is useful to note that no dependence from z is
necessary, since if Ωm and Ωk vary with z, by conserva-
tion relations, it is not the simplest way to think that the
sum of them loses a part of mass or curvature in time,
in some unknown variables as ΩXk(z). It may be a non-
6sense. Hence, from this, it is compatible with the choice
of ΩXk(z) = ΩXk and ΩXk ∈ [0, 0.3].
If we recall
∑
k ΩXk with the compact name of ΩΛ, we
conclude that: We consider a constraint which is the fixed
normalization of observable quantities energy-matter and
curvature density, given in principle, by a sum of un-
known quantities. If these quantities are summing up
and defined as one entity, it has to be considered as in-
dependent of redshift z and with no different behavior
in the different eras of universe evolution (that is, at the
same time, compatible with the universe dynamics).
Because of the given meaning of ΩΛ, it is possible to
connect its existence with the lack of information of an
entangled state, described by the Von Neumann entropy,
as discussed. By construction of it, in fact, the role of
eigenvalues and of entropy is the key to understand the
existence of ΩΛ density. Note that, up to now, no cosmo-
logical constant model is proposed, in terms of an added
cosmological constant into account of GR, because GR
has not entered the ESA. This is important because tries
to understand the specific role of ΩΛ density, without
passing through a (classical or quantum) field theory.
Each epoch, in particular, has got its own reduced den-
sity matrix, so its own quantum description, as part of
ρˆ, describing also its own dynamics. A similar matrix is
defined as
ρˆA = TrBρˆ, (24)
in fact ρˆ = ρˆAB, because is defined, in principle, on two
different spaces, A and B, which correspond to parts
of the two eras, characterized by different z evolutions.
The expression of reduced density reads3 ρˆA = ρˆB =
|α|2|e1〉〈e1|+ |β|2|e2〉〈e2|.
The eigenvalues4 calculation of density matrix ρˆ allows
us to write down entropy as follows
S = − (λ3 lnλ3 + λ4 lnλ4) , (25)
which is a direct consequence of the arbitrary choice of
the state in evaluating the trace. The complete forms
of eigenvalues are very difficult to write down; to fix the
ideas, in the case of Ωk1 ≈ 0, for p+ = p−5, they read
λ1 = 0,
λ2 = 0,
λ3 =
1
2
(
1 +
√
2Ω2
m2
Ω2
k2
(α2−β2)2+Ω4
m2
+Ω4
k2
(α2−β2)2
Ω2
m2
+Ω2
k2
)
,
λ4 = − 12
(
1−
√
2Ω2
m2
Ω2
k2
(α2−β2)2+Ω4
m2
+Ω4
k2
(α2−β2)2
Ω2
m2
+Ω2
k2
)
.
(26)
For maximally entangled states, we infer the expression
for ΩΛ, in the case of Ωk1 ≈ 06
3 With equivalence between A and B.
4 Note that λ1 lnλ1 = λ2 lnλ2 = 0 because λ1,2 = 0 and entropy
in this case is defined 0 ln 0 = 0.
5 We do not expect that this condition is crucial and physically
important; a mixture of external products among states, with
the same weight, allows us only to simplify the ρˆ expression.
6 For the sake of simplicity, this result is written in the easy case
of p− =
1
2
and, here, restoring, also, the definitions of Ωm2 and
Ωk2, without the simplest positions.
ΩΛ = −
(
Ω2m2 +Ω
2
k2
)
Ω5m1 −
(
p−Ω2m2 − Ω2m2 − Ω2k2/2
)
Ω4m1 − 2Ω3m1Ω2m2 + 2p+Ω2m1Ω2m2 +Ωm1Ω2m2 + 2p−Ω2m2 − Ω2m2
(Ω2m1 +Ω
2
k1) Ω
4
m1 − Ω2m2 (2Ω2m1 − 1)
.
(27)
If the behavior of states is not maximally entangled and
no significative approximations are done, then the most
general expressions of ΩΛ, with minimal positions again,
for brevity, reads
ΩΛ =
−f1(Ωm)Ω3m1 − f2(Ωm)Ω2m1 + f3(Ωm)Ωm1 − f1(Ωm)Ω3k1 + f4(Ωm)Ω2k1
(Ω2m1 +Ω
2
k1) (Ω
2
m2 +Ω
2
k2)
, (28)
f1(Ωm) : = Ω
2
k2 +Ω
2
m2,
(29)
f2(Ωm) : = 2Ω
2
m2αβp− +Ωk1Ω
2
m2 − α2Ω2k2 − 2Ω2αβp− − Ω2m2α2 − β2Ω2k2 +Ωk1Ω2k2 − Ω2m2β2,
(30)
f3(Ωm) : = −Ω2k1Ω2k2 − Ω2k1Ω2k2 − 4Ωk2αβΩk2Ωk1p− + 4Ωm2αβΩk2Ωk1p+,
(31)
f4(Ωm) : = β
2Ω2k2 +Ω
2
m2β
2 + α2Ω2k2 + 2αβp+Ω
2
k2 +Ω
2
m2α
2 − 2αβp−Ω2k2.
7The entanglement measurements are various and dif-
ferent, as mentioned in the introduction, and so, allowing
a variation of entropy, in terms of Ωm2 and Ωk2, we infer
the grade of entanglement, having an idea of its variation
with parameters of the second era.
B. The coincidence problem and the interpretation
of Λ
The coincidence problem is a puzzling situation which
appears in today cosmology. It is due, essentially, to the
resulting same order of magnitude for Ωm and ΩΛ. From
the previous discussion, it could be addressed by means
of eq. (28) for Λ. It is evident, in fact, that the condition
0 < ΩΛ < 1, (32)
can be easily achieved and so, according to the obser-
vations, this could be seen as an explanation of the
coincidence problem. Indeed, because of the meaning
of ΩΛ, induced by the entanglement, it is evident, for
construction, that its order of magnitude is the same of
Ωm and Ωk. The interpretation of Λ is the following:
The observed value of cosmological constant Λ derives
from entanglement phenomena among cosmological eras.
It is the result of an average statistical process generated
by the superposition of several cosmic quantum states.
Astrophysical observations are measuring the result of
such a superposition.
IV. CONCLUSION AND PERSPECTIVES
We have studied thermal properties of universe and in-
terpreted the cosmological constant problem in view of
the so-called entangled states ansatz (ESA). Hence the
idea of two discrete states, corresponding to the mea-
surements of mass and curvature density at a given era
is presented; such states can result entangled giving rise
to the cosmological constant. This view is alternative to
the standard GR approach where Λ is imposed by hand
in the cosmic evolution. In particular, the proposed toy
model would give a straightforward approach to connect
the today observed (classical) universe to quantum cos-
mology. In a sense, also the today observed universe is a
quantum state resulting from various entanglement pro-
cesses. The role of Friedmann cosmology in this approach
is to link the emerging value of ΩΛ to the various epochs
since cosmological parameters depend on the redshift z.
In this picture, the ESA hypothesis suggests a precise role
of a cosmological states, instead of standard techniques,
where geometric and matter degrees of freedom have to
be decomposed to achieve quantization in generic curved
space-times [40–42, 44–55] .
By considering two cosmic eras and imposing that they
are correlated by a minimal choice of observable quanti-
ties, it is possible to use the Von Neumann entropy S
as an information tool to evaluate such a correlation.
Thermodynamics is recovered by assuming S → kBS
which means that the entropy of the universe is derived
by quantum entangled states. The phenomenon of entan-
glement enters the model, in terms of statistical consider-
ations [35]. The result is that the standard cosmological
constant Λ emerges from an average process.
Also coincidence problem is solved in this context: the
present values of Ωm and ΩΛ result of the comparable
order of magnitude assuming Λ as emerging from an en-
tanglement process. The next step in this program is to
achieve all the observed cosmographic parameters as the
result of entanglement. This could be a confirmation for
the present approach since cosmography is, in general,
a robust test bed for cosmological models [56, 57]. The
present paper, in this sense, is the starting point of this
program.
Moreover it seems possible to connect the statistical
interpretation of Λ with a genuine quantum field theory
interpretation since Λ can be the eigenvalue of general
relativistic Hamiltonians [43]. In this way, the ESA hy-
pothesis could be fully framed in a canonical quantization
procedure.
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